Biphasic calcium phosphate (BCP) was fabricated through hot pressing process from hydroxyapatite (HA) starting powder synthesized by a peroxide-based precipitation method and dried at 250°C. The synthesized HA powder contained some calcium hydrogen phosphate (CHP) as a minor phase. In this work, the dense BCP ceramics with a mixture of HA and β-TCP phases were successfully obtained by hot pressing at temperature ranging from 700-1100°C. The amount of HA phase in the hot pressed samples decreased with increasing sintering temperature from 700 to 900°C, while the amount of β-TCP exhibited an opposite trend. The relations between the microstructure and mechanical properties of the dense BCP ceramics sintered in the temperature range 700-1100°C were investigated. The sample hot pressed at 800°C has a dense structure with the highest hardness (4.86 ± 0.19 GPa) and the lowest fracture toughness (0.80 ± 0.01 MPa·m 1/2 ). In addition, biocompatibility of apatite layer formed after immersion in simulated body fluid (SBF) for 14 days can be observed by SEM images. The results revealed that the samples hot-pressed at 800 and 900°C were covered by calcium phosphate (CaP) crystal layer indicating the strong interaction of BCP ceramics and SBF.
I. Introduction
Biphasic calcium phosphate (BCP) is generally composed of non-resorbable hydroxyapatite (HA) and resorbable tricalcium phosphate (β-TCP) [1] or mixture of α-TCP and β-TCP [2] . BCP ceramics show great potential for bone tissue engineering applications because of their excellent biocompatibility, bioactivity and osteoconductivity [3] . Ordinal scale in extent of reabsorption of calcium phosphate (CaP) in different phases is: amorphous calcium phosphate (ACP) > α-TCP > β-TCP > HA [4] . The thermal decomposition of HA to β-TCP occurs at sintering temperatures as low as 850°C. Dur-ing sintering at 1120°C, the β-TCP is the stable phase [5] . Furthermore, the phase transformation of α-TCP is expected upon heating from sintering temperatures higher than 1120°C. The solubility and biodegradation rate of α-TCP are much higher than those of β-TCP [6] . Thermal stability and phase transformations of HA to β-TCP and β-TCP to ℵ-TCP as well as the phase transition temperatures depend on stoichiometry and synthesis method of hydroxyapatite [7] . The Ca 2+ and PO 3 -4 ions of the β-TCP would be helpful in accelerating the new bone formation. HA is non-resorbable and it exhibits slow osteoconduction in vivo [8] . The extent of reabsorption of BCP depends on the β-TCP/HA ratio; the higher the ratio, the higher the extent of reabsorption [9] . BCP with the β-TCP/HA ratio of 0.667 can reabsorb more than 50%, which is equivalent to bone ingrowth after 1-2 years of implantation [10] .
Nanostructured ceramics can be fabricated by compacting nanopowders at high temperatures and pressures where sintering time and atmosphere can be varied. Pressure assisted methods, such as hot pressing, are also applied to obtain nanostructured HA ceramics [11] . Hot pressing processes can decrease the temperature of the onset of densification and suppress the grain growth, resulting in higher final density. This leads to fine microstructures, higher thermal stability and subsequently better mechanical properties of calcium orthophosphate [12] . This technique is generally used to process HA ceramics with a controlled microstructure.
Recently, many researchers have synthesized the biphasic calcium phosphate by various techniques, such as a mechanical blending of the desired amounts of HA and β-TCP, hydrothermal method, vacuum-assisted foaming as well as several other approaches [12] [13] [14] . In this work, the investigation of BCP synthesized by hot pressing process with the HA powder prepared using a peroxide-based route (PBR) was conducted [13] [14] [15] . Biomineralization of apatite layer after immersion in simulated body fluid (SBF) was observed. The relationship between microstructure and properties was also discussed.
II. Material and methods

Hydroxyapatite powder synthesis
The hydroxyapatite powders were synthesized using a peroxide based route as reported in our previous papers [13, 14] . In brief, the HA powders were synthesized using calcium nitrate tetrahydrate (Ca(NO 3 ) 2 · 4 H 2 O, Sigma Aldrich), hydrogen peroxide (Merck), ortho-phosphoric acid (RCL Labscan) and ammonium hydroxide (J.T. Baker) as starting chemicals. Ca(NO 3 ) 2 · 4 H 2 O was dissolved in 5% v/v H 2 O 2 and H 3 PO 4 was then slowly added dropwise into the solution in stoichiometric amount with continuous stirring. The pH of the solution was adjusted to pH = 9 by NH 4 OH solution and the mixture was stirred continuously for 30 min at ambient temperature. The white calcium phosphate compounds were filtered and washed with distilled water for several times. The synthesized HA powders were dried at 250°C for 12 h and dry ball milled using the equal amount of balls with diameters of 10, 15 and 20 mm. The ratio of the milling media to HA powder was 3 : 1 by volume and the milling time was 15 min.
Biphasic calcium phosphate fabrication
The prepared HA powder was placed into a graphite mould (diameter of 12 mm) and hot-pressed at various temperatures, i.e. 700, 800, 900 and 1100°C (to obtain samples with notation HA700, HA800, HA900 and HA1100, respectively) for 2 h under a pressure of 25 MPa in air. Hot-press system consisted of heating and pressing parts. The heating system of the furnace consisted of a heating coil and a hydraulic press was used to apply uniaxial pressure. The temperature control system was installed to ensure that the correct temperature was obtained. The heating rate was 10°C/min and the samples were cooled naturally in the hot-press chamber.
Characterization
The density, water absorption and porosity were measured by the Archimedes' method, using distilled water as the immersion media.
The hardness of the sintered samples was measured by Vickers indentation by first preparing a high quality, smoothly polished surface with no pre-cracking. The polished specimens were then indented by a Vickers pyramidal microhardness indenter. The Vickers hardness of the sample at top surface was determined (STARTECH SMV-1000) using load of 0.98 N applied for 10 s and 10 measurements were performed for each sample.
Fracture toughness was calculated by indentation using the equation:
where P is the load, C is the crack length from the centre of the indent to the crack tip, E is the Young's modulus (80 GPa for HA) and HV is the Vickers hardness. The synthesized powders and sintered samples were analysed by XRD using a Rigaku Mini Flex II X-ray diffractometer with a Cu K wavelength of 1.5418 Å. Measuring was carried out from 20 to 50°(2θ) with 0.01°/step. The peaks obtained for all samples were compared to standard reference JCPDS files.
The simulated body fluid (SBF), a solution with an ionic concentration close to human blood plasma, was prepared following to the Kokubo's protocol [16] . The dense HA ceramics were immersed in SBF for 14 days at 36.5°C and pH = 7.4 (adjusted with tris(hydroxymethylaminomethane) and hydrochloric acid). After immersion, the dense HA ceramics were rinsed with distilled water and dried in air. Free-surface and cross section of samples were observed by SEM.
SEM microscope (JEOL JSM-IT300LV) was used to characterize the morphology of the powder, HA ceramics and samples after SBF soaking and energydispersive spectroscopy (EDS Oxford Instruments INCAx-sight Elemental Detector) to determine elemental composition. The HA powder samples were loaded directly into the SEM holder using graphite tape and were covered with gold in a sputtering device. To prepare the cross-section samples, the HA ceramics were first cut and then mounted on resin before polishing. The sintered samples were ground with SiC sand paper, and then polished with a diamond suspension and afterwards gold coated. The ratio of calcium to phosphorus (Ca/P) in the coatings was measured using an energy dispersive spectroscopy. Thermogravimetric analyses were useful to determine the weight loss during the thermal treatment at high temperature. TGA/DSC system (TGA/DSC1 Metter Toledo Beaumont Leys, UK) was used to determine the reference temperature (T r ) and the sample temperature (T s ) by heating the dried HA powders from room temperature to 1200°C at a heating rate of 10°C/min in alumina crucibles.
III. Results and discussion
The morphology of the HA powder synthesized by chemical precipitation method is represented in Fig. 1 . Figure 1a shows the morphology of the synthesized HA powder before milling. It can be seen that the un-milled HA powder has needle-like particles with particle size of ∼50 nm (width) × 100 nm (length). The reduction of the particle size compared to the conventional chemical route was due to the fact that the hydrogen peroxide acts as a chelating agent, leading to a growth inhibition [13] . After milling, the HA powder has nanoscale structure (∼50 nm) but no characteristic needle-like morphology, as shown in Fig. 1b . The amounts of Ca and P in the HA powders, determined by EDS, are 23.84 and 12.71 at.%, respectively giving a Ca/P molar ratio of 1.88.
XRD pattern of the HA powder is shown in Fig. 2 . It corresponded to that of pure hydroxyapatite (HA) phase, Ca 10 (PO 4 ) 6 (OH) 2 (JCPDS 09-0432), as the main phase and a trace of the second phase corresponded to calcium hydrogen phosphate (CHP) (JCPDS 003-0423). This is in agreement with the EDS results which revealed the high Ca/P molar ratio (1.88) of the powder sample. The Ca/P of the pure HA is 1.67, hence this higher Ca/P ratio implied the presence of another component, which is calcium hydrogen phosphate (CHP). The presence of CHP as a minor phase was confirmed by XRD data (Fig. 2 ). It has been reported that CHP can be generated during the drying process with temperature lower than transition point (400°C) [7] . Amounts of crystalline phases (HA and calcium hydrogen phosphate) in the powder was determined by the reference intensity ratio (RIR) technique [18] [19] [20] . Volume fraction of HA can be determined by the following formula:
where I HA and I CHP refer to the relative intensity of the most intense peak of HA and CHP phases, respectively. According to the XRD results presented in Fig. 2 , the volume fractions of HA and CHP in the powder, calculated by Eq. 2, are about 89.4% and 10.6%, respectively. Thermal analysis (TGA/DSC) was carried out to investigate the thermal stability of the synthesized HA powder. After heating the HA powder in chamber from 30 to 1200°C, the result revealed that three peaks on the TGA/DSC graph, determining endothermic and exothermic reactions, can be seen (Fig. 3) . These correspond to the degradation of organic material occurring between 270 and 280°C (in agreement with Moussa et al. [21] ) and decarbonation between 440 and 490°C (reported by Park et al. [22] ). This decarbonation process is related to the carbon decomposition [23] . These carbonate ions were formed as a result of CO 2 being absorbed by the calcium phosphate [22, 24] . The HA was dehydroxylated and transformed to oxyhydroxyapatite (OHA) at 760-810°C [9] by completely reversible reaction in accordance with the following equation [25] : The decomposition of HA to β-TCP occurs from 970 to 1090°C [26] . The dehydroxylation of HA would partially form dehydroxylated (OHA) or completely dehydroxylated oxyhydroxyapatite (OA) and phase transition of HA to β-TCP and TTCP can occur, which can be written as [25] :
In general, temperature required for the pure HA phase formation is approximately 400-700°C [14, [27] [28] [29] [30] [31] . In the present work, the dried HA powders at temperature of 250°C was chosen as a starting material for hot pressing, which is slightly lower than that reported. This may be useful in terms of energy saving, less time consuming and lower production cost to fabricate the HA powder. Figure 4 presents the results of the XRD analysis of the HA samples obtained by hot pressing. Considering the XRD pattern of the HA1100 sample, it can be seen that HA (JCPDS 09-0432), β-TCP (JCPDS 09-0169) and α-TCP (JCPDS 09-0348) are present. Some XRD peaks of β-TCP can also be seen in the sintered samples (e.g. 1010 at 2θ of 25.8°, 0210 at 2θ of 31.02°, 132 at 2θ of 24.09°and 043 at 2θ of 34.18°). On the other hand, the peaks of HA became narrower after sintering (e.g. 210 at 2θ of 28.96°and 202 at 2θ of 34.05°) which means that HA had a larger grain size.
The volume faction of HA can be determined via the following formula:
where I HA , I β−TCP and I α−TCP refer to the relative intensity of the most intense peaks of HA, β-TCP and α-TCP phases, respectively [20] . According to the results presented in Fig. 4 , the volume fractions of HA, β-TCP and α-TCP were calculated by Eq. 3 and shown in Table 1. The amount of HA phase decreases with increasing sintering temperature while the amount of β-TCP has an opposite trend. Furthermore, the XRD patterns of the HA700, HA800 and HA900 show that β-TCP is still maintained as the major phase, and HA is the minor phase. This result is attributed to the fact that the HA powder contains CHP as a minor phase [31] . Moreover, the XRD pattern of the sintered HA1100 sample ( Fig. 4 ) reveals α-TCP as the major phase with β-TCP as secondary phase and HA is the minor phase. Some researchers have reported that decomposition into third phase proceeded above 1200°C [32, 33] while some reported decomposition occurred when sintered at 1150°C [34] . As shown in Fig. 3 and confirmed by XRD results presented in Fig. 4 , BCP formation starts at above 700°C. Normally, HA decomposes to β-TCP phase at 950°C, and β-TCP decomposes to α-TCP at 1150°C [2] . Hot pressing technique provides an additional driving force (pressure) to promote densification and prevents grain growth by decreasing sintering temperature and time [35] .
The effect of hot pressing temperature on the microstructure of the HA samples is observed in SEM images shown in Fig. 5 . When the HA powder was hot pressed at temperatures higher than 800°C, dense HA ceramics with smaller grain size can be obtained. The grain size of the sintered HA1100 sample (approximately 1 µm, Fig. 5d ) is bigger than the other samples (which have grain sizes of 200-500 nm, Figs. 5a-c). On the other hand, the sample HA900 exhibited a bimodal grain size distribution with the presence of some individual large grains, ranging between 500 and 900 nm as shown in Fig. 5c . The sintered samples HA800, HA900 and HA1100 were translucent, as can be seen in insets of Fig. 5 . They reached nearly full density because high translucency requires pore-free microstructure [11, 12, 36] . All the samples exhibited increasing grain size trend with increasing sintering temperature. The crystallinity of the HA and β-TCP depends on the sintering temperature: the higher the sintering tempera-ture, the higher the crystallinity [35] .
In general, hot pressing technique is helpful for suppressing grain boundary migration and reducing grain boundary diffusion rate, resulting in high densification of BCP [18] . The physical properties of the HA samples are shown in Table 2 . The values of apparent porosity (AP) and bulk density (BD) of the samples HA800 and HA900 were consistent with SEM results. The physical properties of the HA samples affected the microhardness. The Vickers hardness (HV) values of the HA800, HA900 and HA1100 are higher than that for the sample HA700 because of higher density. The AP and HV values of the HA700 (Table 2 ) confirm that the sample is still not fully sintered. This phenomenon is due to the fact that the ions do not obtain sufficient energy at 700°C for their rearrangement in the lattice and complete crystallization of HA. These results show that 700°C as sintering temperature is not high enough to provide the driving force for full densification. Below that critical temperature the grain boundary diffusion, as the dominant mechanism for the sintering of nanopowders in the final sintering stage, seems to be exhausted, so that the full density cannot be obtained. From data presented in Table 2 , it is obvious that a decrease in AP results in an increase in HV with temperature increase to 800°C. The reduction of densification in the HA ceramics causes slower grain growth and an average grain size over 0.4 µm is obtained [37] . The mean HV value of the HA800 (4.86 ± 0.19 GPa) is considerably higher than for the conventionally sintered samples (1.98 GPa) at lower temperature [38] . Figure 6 shows the SEM images of cross sections of the HA samples after soaking in SBF for 7 days. It can be clearly seen that no formation of calcium phosphate (CaP) layer was observed on the surface of the HA700 (Fig. 6a) whereas the HA800 and HA900 (Figs. 6b and  6c) were covered with a higher amount of CaP crystals. The layer thicknesses of the samples HA800 and HA900 are ∼5 µm and ∼0.9 µm, respectively. However, the HA1100 sample was covered only with a thin layer of CaP crystals (∼0.2 µm) as shown in Fig. 6d . The composition of HA/TCP corresponding to 20/80 occurred at the fastest rate in vivo over the other formulations of the more stable 100% HA, and the fully degradable, 100% TCP [1, 8] . Figure 7 shows SEM images of fracture surface of the samples after soaking in SBF for 14 days. Faceted fracture surface in the HA700 sample ( Fig. 7a ) without any layer was observed. However, the HA800 and HA900 samples (Figs. 7b and 7c) were covered with a higher amount of CaP crystals. This indicated that the BCP ceramics interacted strongly with the SBF. The reabsorption behaviour was highly dependent on the β-TCP/HA ratio, the higher β-TCP/HA ratio, the greater reabsorption and surface properties appear to exert the greatest influence on reabsorption [38] . Figure 7d shows a thin CaP layer partially covering on the surface because the reabsorption was less pronounced (lower β-TCP/HA ratio).
Comparison of the properties of HA ceramics obtained in this work with those obtained by various sintering techniques is shown in Table 3 . It should be noted that HV value (HV ∼ 4.86 GPa) for the HA800 pro- duced by hot press technique in the present work was slightly higher than that reported in the literature and fabricated under similar conditions (by hot pressing at sintering temperature of 800-950°C and pressure of 20 MPa). The results in this work show significantly lower sintering temperature compared to the other researches where the sintered ceramics had the similar hardness [14, 46, 48, 49] . The EDS results in Table 4 show that the Ca/P ratio range of HA sample is 1.3-1.58. The samples prepared by hot pressing with Ca/P < 1.667 yielded bi-phasic mixtures of HA-TCP. On the other hand, the amount of TCP in the two phase mixtures increased as a function of decreasing Ca/P ratio [50, 51] . After SBF soaking, that ratio did not change, which means the observed covering layer is the BCP layer [51, 52] .
IV. Conclusions
The dense biphasic calcium phosphate (BCP) ceramics with a mixture of HA and β-TCP phases were successfully obtained by hot pressing at temperatures higher than 700°C. In general, the HA phase transforms to β-TCP at the temperature of about 850°C and the transformation of β-TCP to α-TCP occurs at temperatures greater than 1125°C. However, in this hot pressing process, the sintering temperature of BCP ceramics can be kept under 800°C while obtaining dense ceramics. The relations between the development of microstructure and the hardness of the dense BCP ceramics sintered in the temperature range 700-1100°C can be clearly seen in this research. The maximum hardness of dense HA ceramics reached 4.86 GPa which is higher than that of BCP ceramics produced previously by the hot pressing process under the same sintering conditions. In addition, after immersion in simulated body fluid (SBF) apatite layer was formed on the surfaces of the samples hot-pressed at 800 and 900°C confirming strong interaction of BCP ceramics and SBF.
